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Enclosure  1 


Objective: 


To  investigate  carrier  dynamics  and  relaxation  mechanisms  in  (a)  InGaSb  metam orphic  buffer 
layers  (b)  Self  Assembled  InAs/InGaAs  quantum  dots  and  (c)  InAs/InGaSb  strain  layer 
superlattice  with  an  objective  to  studying  the  fundamental  limitations  for  near-infrared  and  mid- 
infrared  lasers  made  with  these  materials. 

Progress  Report 

One  of  the  issues  that  is  being  investigated  in  this  grant  is  to  determine  (a)  whether  phonon 
bottleneck  exists  in  the  quantum  dots  in  a  well  (DWELL)  heterostructure  and  (b)  how  this 
impacts  the  performance  of  quantum  dot  lasers.  To  this  end,  we  are  using  femtosecond  pump 
probe  spectroscopy  to  understand  the  carrier  dynamics  in  the  DWELL  system.  A  femtosecond 
spectroscopy  set  up  was  installed  in  the  Pi’s  laboratory  and  very  encouraging  preliminary 
measurements  have  been  obtained.  Bandstructure  calculations  were  also  performed  on  these 
structures. 

Technical  Progress 

Non-degenerate  pump-probe  spectroscopy  with  sub-picoseconds  laser  pulses  was  used  to  study 
the  carrier  dynamics  in  InAs/InGaAs  quantum  dots  in  a  well  (DWELL)  he tero structures.  The 
confined  states  in  the  DWELL  heterostructure  were  obtained  using  theoretical  modeling  and  the 
position  of  the  ground  state  was  corroborated  using  differential  transmission  (DT)  and 
photoluminescence  (PL)  measuremements.  Subpicosecond  pump  probe  spectroscopy  was  then 
undertaken  using  a  775  nm  pump  to  create  carriers  in  the  GaAs  barrier  and  a  delayed  probe  tuned 
to  the  ground  state  of  the  dot  (1150  nm).  Lrom  the  rise  time  of  the  DT  signal,  the  relaxation  time 
from  the  GaAs  barrier  to  the  ground  state  of  the  DWELL  was  estimated  to  be  2.5  ps  at  77 K  and 
5.0  ps  at  300 K.  The  decay  of  the  DT  signal  was  used  to  determine  the  interband  relaxation  time, 
which  was  found  to  be  700  ps  at  77K  and  650  ps  at  300K. 

Theoretical  Modeling  of  Bandstructure  of  QD WELLs. 

The  study  of  intersubband  transitions  in  self-assembled  quantum  dots  (QD)  has  been  an 
area  of  active  research  in  the  past  few  years.  These  QDs  are  not  only  interesting  due  to  the  novel 
quasi-zero  dimensional  physics  in  these  systems  but  also  because  the  interband  and  intersubband 
transitions  can  be  utilized  to  make  electronic  and  optoelectronic  devices,  that  take  advantage  of 
the  nanoscale  confinement  in  these  systems.  Due  to  the  long  lived  excited  states  and  superior 
carrier  confinement,  intersubband  quantum  dot  detectors  have  been  proposed  as  a  promising 
technology  for  mid  infrared  sensing  (50-400  meV,  3-25  |im).  Mid-infrared  photodetectors  have  a 
variety  of  potential  applications  in  medical  diagnostics,  thermal  imaging,  night  vision  cameras, 
and  chip-based  detection  of  chemical  warfare  agents.  Detectors  based  on  intersubband  transitions 
in  quantum  wells  have  been  proposed  and  realized  in  the  past  decade.  However,  because  of 
polarization  sensitive  selection  rules,  normal  incidence  intersubband  transitions  are  forbidden  in 
such  quantum  well  infrared  photodetectors  (QWIPs).  Moreover,  the  intersubband  carrier 
relaxation  process  is  expected  to  be  slower  in  quantum  dots  than  in  quantum  wells  due  to 
suppressed  phonon  scattering.  This  effect  also  known  as  the  “phonon  bottleneck  process”  is 
predicted  for  zero-dimensional  semiconductor  systems  which  have  a  discrete  density  of  states 


and  energy  separation  greater  than  the  phonon  energy  separation.  Theoretical  modeling  of 
pyramidal,  cylindrical  and  hemispherical  quantum  dots  has  been  performed  in  the  literature  using 
different  approaches..  However,  while  most  theoretical  models,  such  as  the  8-band  k.p  model 
predict  a  separation  of  50-60  meV  (20-25  |im)  between  the  ground  state  and  the  first  excited 
state,  most  experimental  groups  report  intersubband  detectors  operating  in  the  4-7  pm  regime. 

In  our  group,  we  have  been  investigating  intersubband  transitions  in  a  novel 
heterostructure  in  which  InAs  quantum  dots  are  placed  in  an  InGaAs  well,  which  in  turn  is 
buried  in  a  GaAs  matrix.  These  structures,  also  known  as  dots-in-a-well  (DWELL) 
hetero structures,  have  enabled  us  to  realize  long  wave  infrared  detectors  (Ap  ~10pm)  with  low 
dark  currents  and  high  background  limited  temperatures  (91K,  f#l .7,  300K  bkg).16  However,  the 
modeling  of  these  detectors  has  been  a  challenge  since  it  involves  modeling  a  qausi-zero 
dimensional  QD  placed  in  a  2-dimensional  quantum  well.  In  this  paper,  we  report  on  the 
modeling  of  the  DWELL  structure,  using  a  Bessel  function  expansion  of  the  wavefunction.  The 
calculated  energy  levels  obtained  by  this  approach  are  compared  with  the  experimentally 
observed  spectral  response  of  the  intersubband  detector. 

The  InAs/InGaAs  DWELL  detectors  were  grown  by  solid  source  molecular  beam  epitaxy 
(MBE).  The  substrate  temperature  was  590°C  during  the  growth  of  GaAs  buffer  layer  and 
lowered  to  475°C  during  the  growth  of  InAs  quantum  dots.  The  active  region  consists  of  10 
periods  of  60A  Ino.15Gao.85 As,  2.4  monolayers  of  InAs,  60A  of  Ino.15Gao.85 As  and  490  A  of  GaAs 
(figure  1(a)).  The  InAs  layers  are  doped  with  silicon  with  a  concentration  of  ~5  x  1010 
atoms/cm".  The  growth  rate  for  the  InAs  layer  is  0.05ML/s.  The  GaAs  contact  layer  is  doped 
with  silicon  to  1018  cm'3 

Using  standard  lithography,  metal  evaporation,  and  a  combination  of  wet  and  dry  etching, 
n-i-n  detectors  were  fabricated  for  top-side  illumination  with  the  diameter  of  the  illumination 
area  ranging  from  25-300  pm.  The  detectors  were  bonded  to  a  leadless  chip  carrier  and  spectral 
measurements  were  performed  using  a  globar  source  and  a  Nicolet  Nexus  870  LTIR.  Normal 
incidence  radiation  configuration  was  used  to  measure  the  photocurrent.  All  the  measurements 
were  performed  at  a  temperature  between  30-50K.  Cross  sectional  transmission  electron 
microscopy  (X-TEM)  measurements  were  undertaken  to  characterize  the  structural  quality  of  the 
sample.  In  section  III  we  present  the  results  of  the  X-TEM  study  that  enabled  us  to  obtain  the 
size  and  shape  of  the  quantum  dots  and  formulate  the  DWELL  potential  for  the  theoretical 
studies.  The  proposed  theoretical  model,  with  the  underlying  assumptions,  is  then  presented.  In 
section  IV,  the  theoretically  obtained  energy  levels  are  compared  with  the  experimentally 
observed  transitions.  Section  V  discusses  the  results  and  summarizes  our  findings. 

Ligure  1  shows  the  TEM  image  of  the  DWELL  heterostructure.  It  clearly  shows  three 
regions.  The  darkest  region  is  the  InAs  quantum  dot,  which  is  placed  in  the  Ino.15Gao.85As  well 
and  in  turn  is  surrounded  by  the  GaAs  region,  as  labeled  in  the  figure  2.  Note  that  this  picture 
shows  that  the  pyramidal  shaped  quantum  dots,  with  base  dimension  of  110  A  and  height  of  65 
A,  are  positioned  in  the  top  half  of  the  quantum  well.  Using  the  information  from  the  TEM 
image,  we  have  defined  the  DWELL  potential  profile,  shown  in  figure  3.  Our  theoretical  model 
consists  of  a  pyramidal  shaped  InAs  quantum  dot  with  dimension  llOA  for  the  base  and  65 A  for 
the  height,  which  is  placed  in  the  top  half  of  a  110  A  Ino.15Gao.85As  well,  which  in  turn  is  buried 
in  a  GaAs  matrix.  The  modeled  structure  is  very  similar  to  the  structure  shown  in  the  TEM 
image. 


Figure  1:  Image  of  a  single  quantum  dot  in  a 
well  obtained  using  cross-sectional 
transmission  electron  microscopy. 


The  numerical  approach  to  the  problem  consists  of  enclosing  the  cluster  inside  a  cylinder 
of  radius  R  and  height  Zc  on  the  surface  of  which  the  wavefunctions  are  forced  to  vanish.  It 
should  be  noted  that  R  and  Zc  should  be  made  large  enough  so  that  we  can  impose  the  Dirichlet 
boundary  conditions.  In  our  calculation,  we  have  used  Zc  =  R  =  40nm,  although  a  larger  value  of 
Zc  and  R  does  not  affect  our  results.  From  atomic  force  microscopy  image,  the  dot  density  is 
estimated  to  be  about  5xl010cm  2.  Thus  the  average  spacing  between  two  adjacent  dots  is  about 
60  nm.  Hence  we  have  ignored  lateral  coupling  between  the  dots.  For  determining  the 
bandstructure  of  the  heterostructure,  the  conduction  band  offset  between  the  strained  InAs  and 
GaAs  is  taken  to  be  60%  of  their  difference  in  band  gaps.  ’  The  zero  of  the  potential  was 
chosen  as  the  strained  band  edge  of  Ino.15Gao.85  and  the  calculated  relative  energy  E0  measured 
from  zero  reference  energy  is  -146  meV.  Since  the  calculated  band  offset  between  InAs  and 
Ino.15Gao.85As  is  0.477eV  and  that  between  Ino.15Gao.85As  and  GaAs  is  0.093  eV,  we  found  that  E0 
is  located  268  meV  below  the  band  edge  of  GaAs  (Fig. 4).  Following  the  notation  of  figure  3,  the 
electron  Hamiltonian  is  given  by: 

He=Hz+H(r0)+V(z,r)  (Eq.X) 
where 


h2  (  d  1  d  ' 
2  [  dz  mze  (z,  r)  dzj 


(Eq2) 


H  n2(l  d  r  —  |  1  1  d2  )  (E  3) 

°'6)  2  yr  dr  mre(z,r)  dr  mre  (z,r)  r2  d62  y  ^ 

The  overall  potential  seen  by  the  electron  consists  of  the  potential  in  the  three  different  regions,  I, 
II  and  III  (labeled  in  Fig.  3)  and  the  potential  caused  by  the  external  electric  field. 

V (z,  r)  =  V,  (z)  +  Vn  ( z ,  r)  +  Vm  (z)  -  eFz  ( EqA ) 

where 

V,  (Z)  =  W(z  -  Z2 )F(Z3  -  Z)  (Eq. 5) 

V„  ( z )  =  VlnAY(z  -  Z3  )V(Z4  -  z)Y[h  -(z-Z3)-r  tan  (a)]  (Eq.  6) 

Vm  ( z )  =  yGflAjT(z)T(Z1  -  z)  +  (z  -  Z4  )Y(Zc  -  Z)  (Eq. 7) 

VIV(z)  =  ~eFz  (Eq.  8) 

where  Y  is  the  Heavyside  function,  mer  and  mez  are  the  in-plane  and  out-of-plane  electron 
effective  masses  respectively,  F  is  the  electric  field,  which  is  directed  along  the  z  direction  (along 


the  growth  axis).  Note  that  there  is  no  term  with  VinGaAs  since  the  zero  of  the  potential  was 
chosen  as  the  strained  band  edge  of  Ino.15Gao.s5 As.  The  eigenfunctions  of  the  Hamiltonian,  given 
by  equation  1,  can  be  decomposed  onto  the  basis  formed  by  the  product  of  Bessel  function  of 
integer  n  with  the  sine  functions  of  z  ,10  i.e. 

X,(z,r,g)=  Y. (z,. 

i>0,j>0 

£"j(z,r,6)  =  p;jn(k:r)eine  sin (KjZ)  (eq. 9) 

where  kjnR  is  the  ith  zero  of  the  Bessel  function  of  integer  order  Jn(x),  Kj=j7t/Zc  and  the 
normalization  factor  (3jn  is  given  by 
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(Eq.  10) 


and  V  is  the  volume  of  the  cylinder  7tZcR“.  For  each  value  n,  the  Hamiltonian  is  diagonalized  and 
yields  a  family  of  solutions.  The  matrix  elements  are  given  by: 
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The  calculation  is  done  using  a  basis  formed  with  20  Bessel  functions  and  20  sine 
functions  for  each  value  of  n  and  were  done  for  two  detectors  with  different  well  widths.  The 

o  o 

spectral  photoresponse  of  the  detector  for  sample  A  (having  110A  for  the  base  and  65 A  for  the 
height)  obtained  at  a  bias  of  1.8  volts  (T=30K)  using  a  Nicolet  Nexus  870  FTIR.  The  peak  is 
located  at  123  meV.  From  our  theoretical  formulation,  we  associate  the  peak  located  at  123  meV 
to  the  transition  from  the  fundamental  state  n=0  to  the  first  excited  state  n=l.  The  calculated 
energy  (132  meV)  is  in  good  agreement  with  the  experimentally  observed  energy  of  123  meV  . 
The  component  of  the  operator  momentum  p  perpendicular  to  the  z  axis  commutes  with  the  total 
hamiltonian  of  the  system,  and  we  can  show  that  the  optical  selection  rules  in  the  dipole 
approximation  for  normal  incidence  is  An=±l,  where  n  is  the  quantum  number.  Therefore  in  an 
ideal  system,  the  transition  from  the  quantum  state  n=0  to  n=l  is  allowed  while  the  transition 
from  n=0  to  n=2  is  forbidden. 

To  further  corroborate  our  theoretical  model,  we  calculated  the  transition  energies  in  a 
different  DWELL  detector.  Lrom  XTEM  measurements,  the  quantum  dots  in  this  sample  (sample 
B)  were  found  to  be  pyramidal  in  shape  with  a  base  dimension  of  140A  and  50  A  for  the  height. 
The  photocurrent  response  measurements  yielded  a  peak  at  140  meV,  which  we  associated  to  the 
transition  from  the  ground  state  in  the  dot  to  the  first  excited  state.  Using  the  same  theoretical 
model,  we  calculated  the  transition  energy  between  the  first  excited  state  and  the  ground  state  to 
be  150  meV.  This  energy  is  in  good  agreement  with  the  experimentally  obtained  value.  Table  1 
summarizes  the  different  experimental  and  theoretical  results  obtained  from  the  two 
photodetectors.  The  three  lowest  eigenvalues  of  sample  B  are  calculated  as  a  function  of  electric 
field.  Ligure  6  shows  the  variation  of  the  three  lowest  energy  levels  as  a  function  of  the  electric 
field  for  this  sample.  We  see  that  the  energy  difference  between  the  calculated  energy  levels  does 
not  change  as  a  function  of  the  electric  field,  this  is  in  accord  with  experimental  results.  We 
should  mention  that  the  electron  energy  levels  are  strongly  dependent  on  the  direction  of  the 
electric  field,  reflecting  the  fact  the  structure  is  not  symmetric  along  the  growth  direction,  i.e.  the 
absence  of  spatial  reversal  symmetry  due  to  the  shape  of  the  quantum  dot. 


Figure  2:  Calculated  profile  of  the 
wavefunction  (I'Ll  )  for  the  ground  state  in  the 
quantum  dots  in  a  well  heterostructure.  The 
arrows  indicate  the  position  of  the  quantum 
dots  in  the  radial  and  z  directions. 


Our  experimental  and  theoretical  results  show  that  the  energy  spacing  between  the  first 
excited  state  and  the  fundamental  state  is  much  larger  than  the  confined  longitudinal  optical 


phonon  energy  (~30  meV).  This  is  expected  to  result  in  a  longer  carrier  lifetime  for  the  carriers 
in  the  excited  state,  which  in  turn  would  increase  the  quantum  efficiency  of  the  detector  due  to 
the  higher  escape  probability  of  the  photoexcited  carriers.  Figure  2  shows  the  square  of  the 
wavefunction  corresponding  to  n=0  obtained  under  zero  electric  field  conditions.  It  was  observed 
that  the  wavefunction  of  the  fundamental  state  is  well  localized  inside  the  quantum  dot.  We 
changed  in  our  model  the  dimensions  of  the  dots  by  ±  10  %  and  we  found  the  energy  transition 
to  change  by  ±  20%,  which  is  still  in  good  agreement  with  the  experimental  results. 

In  conclusion,  we  have  undertaken  theoretical  modeling  and  experimental 
characterization  of  a  novel  InAs/InGaAs  DWELL  heterostructure.  The  calculation  of  the  energy 
levels  and  wavefunction  in  this  system  is  obtained  using  a  Bessel  functions  expansion  approach. 
From  the  theoretical  formulations,  we  have  been  able  to  associate  the  peak  obtained  in  the 
spectral  response  of  the  detector.  Reasonably  good  agreement  between  the  experimental  and  the 
theoretical  results  has  been  obtained  for  two  different  DWELL  structures. 

Carrier  Dynamics  in  DWELL  System 

Carrier  dynamics  in  self-assembled  quantum  dots  (QD)  has  been  a  subject  of  active  research  in 
the  past  few  years.  Because  of  the  discrete  nature  of  the  confined  electronic  energy  levels  and 
phonon  energies  in  the  QDs,  various  interesting  phenomena  such  as  the  “phonon  bottleneck”, 
which  refers  to  the  dramatic  reduction  in  the  intersubband  relaxation  time  have  been  predicted1,2. 
The  phonon  bottleneck  can  limit  the  maximum  modulation  bandwidth  of  quantum  dot  lasers, 
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while  proving  to  be  beneficial  for  intersubband  QD  detectors  .  Time  resolved  photoluminescence 
has  been  used  by  different  research  groups  to  measure  the  carrier  lifetimes  in  QDs4  7.  Pump- 
probe  spectroscopy  has  also  used  to  measure  the  carrier  relaxation  times  in  QDs.  '  The  fast 
carrier  relaxation  time  has  been  explained  by  the  presence  of  electron-hole  scattering  and 
multiple  optical  phonon  emission10,13.  Recently,  resonant  pump  probe  spectroscopy  was  used  to 
estimate  the  intersubband  relaxation  times  in  self  assembled  QDs  using  the  Dutch  free-electron 
laser15.  In  our  research  group,  we  are  investigating  infrared  lasers  and  detectors  fabricated  using 
a  novel  heterostructure  called  quantum  dots  in  a  well  (DWELL)  design.  In  this  structure,  InAs 
QDs  are  positioned  in  a  thin  InGaAs  quantum  well,  which  in  turn  is  placed  in  a  GaAs  matrix. 
This  design  has  resulted  in  a  significant  technological  advancement  since  the  DWELL  design 
increases  carrier  collection  efficiency  in  interband  lasers16  and  reduces  thermionic  emission  and 
provides  better  control  over  the  operating  wavelength  in  intersubband  detectors17.  Moreover,  the 
DWELL  system  also  has  inherently  rich  physics  since  the  photoexcited  (or  electrically  injected) 
carriers  are  unconfined  in  the  GaAs  barrier,  relax  into  a  2-dimensional  quantum  well  (QW)  and 
finally  get  trapped  in  a  quasi-zero  dimensional  QDs.  To  the  best  of  our  knowledge,  there  has 
been  no  report  on  the  investigation  of  carrier  lifetimes  in  the  DWELL  system.  We  have  reported 
the  measurement  of  carrier  dynamics  in  the  DWELL  system  using  non-degenerate  pump  probe 
spectroscopy.  In  this  measurement,  carriers  are  created  in  the  GaAs  barrier  using  pump  laser  and 
the  number  of  carriers  in  the  ground  state  of  the  dot  was  obtained  by  measuring  the  differential 
transmission  (DT)  of  a  delayed  probe.  Using  this  approach,  the  intersubband  (Xintra)  and 
interband  (Xinter)  lifetimes  were  found  to  be  2.5  ps  and  700ps  at  77K  and  5.0  ps  and  650  ps  at 
room  temperature.  It  is  interesting  to  note  that  that  Xintra  (defined  as  the  time  taken  for  the  carrier 
to  relax  from  the  GaAs  barrier  to  the  ground  state  of  the  dot)  increases  as  a  function  of 
temperature,  whereas  Xinter  (defined  as  the  recombination  time  of  the  carriers  in  the  ground  state 
of  the  dot)  decreases  as  a  function  of  the  temperature. 


The  InAs/InGaAs  DWELL  detectors  were  grown  by  solid  source  molecular  beam  epitaxy 
(MBE).  The  substrate  temperature  was  590°C  during  the  growth  of  GaAs  buffer  layer  and 
lowered  to  475°C  during  the  growth  of  InAs  quantum  dots.  The  active  region  consists  of  10 
periods  of  60A  Ino.15Gao.85As,  2.4  monolayers  of  InAs,  60A  of  Ino.15Gao.85As  and  490  A  of  GaAs. 
The  InAs  layers  are  doped  with  silicon  with  a  concentration  of  ~5  x  10  atoms/cm“.  The  growth 
rate  for  the  InAs  layer  is  0.05ML/s.  The  dot  density  is  estimated  to  be  ~  5*1010cm  2  using  atomic 
force  microscopy  (ALM)  and  were  found  to  be  hemispherical  using  cross  sectional  transmission 
electron  microscopy  (X-TEM).  The  bandstructure  of  the  DWELL  heterostructure  was 
theoretically  modeled  using  a  single  band  k.p  model  and  the  calculated  bandstructure  is  shown  in 
Fig.l  .  It  is  to  be  noted  that  the  interband  transition  from  the  electron  ground  state  to  the  hole 
ground  state  is  estimated  to  be  at  1.0  eV  (A, -1.24  pm).  This  was  verified  using 
photo  luminescence  (PL)  measurements  obtained  using  a  775nm  pulsed  Ti:  sapphire  pump  laser, 
(as  shown  in  Fig.  4).  The  peak  at  1150  nm  is  attributed  to  the  ground  state  transition  whereas  the 
1030nm  peak  is  associated  with  the  higher  lying  states  in  the  DWELL.  The  PL  peak  under  low 
excitation  conditions  is  around  1.2  pm,  in  good  agreement  with  the  theoretical  model.  The  blue 
shift  under  higher  excitation  conditions  is  probably  due  to  band  filling  effects. 


Figure  3:  Calculated  energy 
band  diagram  using  a  single 
band  k.p  model,  showing 
the  various  energy  levels  in 
the  quantum  dots  in  a  well 
(DWELL)  heterostructure 


Figure  4:  Photoluminescence 
(PL)  and  differential 
transmission  (DT)  spectra  of 
the  DWELL  sample.  The  PL 
peak  at  1150  nm  is  attributed 
to  the  ground  state  of  the  QD, 
whereas  the  peak  at  1030  nm 
is  probably  due  to  a  higher 
lying  state  in  the  DWELL. 
Note  that  the  DT  spectra 
follows  the  long  wavelength 
tail  of  the  PL  spectrum. 
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To  further  corroborate  the  position  of  the  ground  state  of  the  DWELL,  DT  measurements 
were  undertaken.  In  order  to  remove  any  contribution  from  the  substrate,  the  substrate  was 
thinned  first  by  mechanical  polishing  and  the  rest  of  it  removed  using  selective  chemical  etching. 
In  the  DT  measurement,  the  optical  output  of  a  mode-locked  Ti:sapphire  laser  (Clark  CPA  2001) 
generating  200  fs  laser  pulses  at  775nm  with  a  repetition  rate  of  1  kHz  was  used  as  the  pump 
beam.  The  output  power  of  the  Ti:sapphire  laser  was  900  mW  of  which  50  mW  was  used  to 
pump  the  sample  and  850  mW  was  used  to  pump  a  Clark  IOP-1012  optical  parametric  amplifier 
(OPA).  The  output  from  the  OPA,  which  was  used  as  the  probe,  was  tunable  from  1130  nm  to 
2500nm.  The  pump  was  chopped  at  100Hz  and  the  differential  change  in  the  transmission  of  the 
probe  was  measured  with  an  InSb  detector  and  a  lock-in  amplifier.  The  differential  transmission 
signal  AT/T  is  defined  as  : 


—  =  l-e-Aad  «  Aa  d  ;  Aa  d«l 
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(EqA) 


where  Aa  is  the  induced  absorption  by  the  pump  and  d  is  the  thickness  of  the  active  region.  The 
DT  signal  is  a  measure  of  the  number  of  carriers  in  the  given  state  since  a  higher  number  of 
carriers  would  translate  into  a  higher  absorption.  The  wavelength  of  the  probe  was  tuned  from 
1 130  nm  to  1320  nm  and  the  measured  DT  signal  is  shown  in  Pig.  5.  The  DT  signal  follows  the 
long  wavelength  tail  of  the  PL  spectrum  and  falls  to  zero  beyond  1300  nm  indicating  that  the  DT 
signal  arises  because  of  transitions  in  the  ground  state  of  the  QD. 

Time  dependent  DT  measurements  were  then  undertaken  at  77K  and  300K  using  the  775 
nm  pump  to  create  carriers  in  the  GaAs  barrier  and  a  delayed  probe  tuned  to  the  ground  state  of 
the  QD  to  measure  the  number  of  carriers  in  this  state.  The  optical  excitation  density  of  the  probe 
and  the  pump  are  200pJ/cm2  and  6mJ/  cm2,  respectively.  Lor  comparison  purposes, 
measurements  were  undertaken  on  a  reference  GaAs  substrate  and  a  negative  DT  signal  was 
obtained,  possibly  due  to  induced  absorption  by  defect  states.  The  signal  from  the  DWELL 
sample  had  a  DT  spectrum  very  different  from  that  obtained  with  the  substrate,  confirming  that 
the  signal  was  arising  from  the  DWELL  active  region.  Pigure  3  shows  the  rise  time  of  the  DT 
signal  as  a  function  of  the  delay  at  77K  and  300K  for  the  DWELL  sample.  As  shown  in  the  inset 
to  Pig.  3,  the  rise  time  of  the  DT  signal  corresponds  to  intersubband  relaxation  time  (Xintra),  which 
is  defined  as  the  amount  of  time  needed  for  the  carriers  to  relax  from  the  GaAs  barrier  to  the  QD 
ground  state.  If  we  assume  that  the  holes  relax  fairly  quickly  as  corroborated  by  Sosnowski  et 
al  ,  who  measured  a  hole  intersubband  relaxation  time  to  be  about  600  fs,  Xintra  can  be  attributed 
to  the  electrons  and  a  simple  exponential  fit  can  be  used  to  extract  Xintra, 
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- =  C(  l-e~rlTiMr°)  (Eq.  2) 


Using  this  approach,  we  find  that  Xintra  =  2.5  ps  at  77K  and  increases  to  5  ps  at  300K.  If  phonon 
scattering  were  the  dominant  intersubband  scattering  mechanism,  then  the  carrier  lifetime  would 
decrease  at  higher  temperatures  due  to  increased  scattering.  The  empirically  observed  trend 
indicates  that  alternative  relaxation  mechanisms  such  as  electron-hole  scattering9  or  Auger  like 
scattering10  become  activated.  Since  our  excitation  intensity  is  fairly  large  (~50  electron-hole 
pairs  per  dot),  it  is  reasonable  to  assume  that  these  carrier-carrier  scattering  mechanisms  become 
dominant  channels  for  carrier  relaxation,  under  these  conditions. 


Figure  5:  The  differential 
transmission  signal  as 
function  of  delay  obtained 
using  a  775  nm  pump  and  a 
probe  tuned  to  the  ground 
state  of  the  dot.  The  rise  time 
of  the  signal  is  a  measure  of 
the  intersubband  relaxation 
time,  i.e.  duration  of  time  for 
the  carriers  to  relax  from  the 
GaAs  barrier  to  the  ground 
state  of  the  QD,  as  shown  in 
the  inset. 


By  observing  the  decay  of  the  DT  signal,  we  can  get  an  estimate  of  the  interband  recombination 
time  in  the  DWELLS,  Tinter,  which  is  defined  as  the  recombination  lifetime  of  carriers  in  the 
ground  state  of  the  QD  as  shown  in  the  inset  to  Lig.  5.  A  simple  exponential  decay  fit  of  the  data 
yields  Tinter  =  700  ps  at  77K  and  it  decreases  to  650ps  at  300K.  This  is  in  good  agreement  with 
recombination  lifetimes  reported  in  QDs  obtained  using  time  resolved  photoluminescence 
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measurements  . 


Figure  6:  The  decay  of  the 
differential  transmission 
signal  as  function  of  delay 
obtained  using  a  775  nm 
pump  and  a  probe  tuned  to  the 
ground  state  of  the  dot.  The 
fall  time  of  the  signal  is  a 
measure  of  the  interband 
relaxation  time,  i.e.  the 
recombination  lifetime  of  the 
ground  state  of  the  QD,  as 
shown  in  the  inset. 
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In  conclusion,  we  have  undertaken  non-degenerate  pump-probe  spectroscopy  to  study  the  carrier 
dynamics  in  a  novel  InAs/InGaAs  quantum  dots  in  a  well  (DWELL)  heterostructure.  Using  a 
pump  to  create  carriers  in  the  barrier  and  a  delayed  probe  tuned  to  the  ground  state  of  the  dot,  the 
intersubband  and  interband  relaxation  time  were  extracted.  At  77K  (300K),  the  intersubband 
lifetime  was  found  to  be  2.5  ps  (5  ps)  and  the  interband  lifetime  was  found  to  be  700  ps  (650  ps). 
This  fast  intersubband  relaxation  is  attributed  to  electron-hole  and  other  Auger  like  processes. 
We  are  currently  investigating  the  effect  of  the  fluence  on  the  carrier  dynamics  in  the  DWELL 
system. 
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